We investigate the flow structure and dynamics of moderate-Rayleigh-number (Ra) thermal 1 convection in a two-dimensional inclined porous layer. Direct numerical simulations (DNS) confirm 2 the emergence of O(1) aspect-ratio large-scale convective rolls, with one 'natural' roll rotating in 3 the counterclockwise direction and one 'antinatural' roll rotating in the clockwise direction. As 4 the inclination angle φ is increased, the background mean shear flow intensifies the natural-roll 5 motion, while suppressing the antinatural-roll motion. Moreover, our DNS reveal-for the first time 6 in single-species porous medium convection-the existence of spatially-localized convective states 7 at large φ, which we suggest are enabled by subcritical instability of the base state at sufficiently 8 large inclination angles. To better understand the physics of inclined porous medium convection at 9 different φ, we numerically compute steady convective solutions using Newton iteration and then 10 perform secondary stability analysis of these nonlinear states using Floquet theory. Our analysis 11 indicates that the inclination of the porous layer stabilizes the boundary layers of the natural roll, 12 but intensifies the boundary-layer instability of the antinatural roll. These results facilitate physical 13 understanding of the large-scale cellular flows observed in the DNS at different values of φ.
where u(x, t) = (u, w), T(x, t) and p(x, t) are the dimensionless velocity, temperature, and pressure, 82 respectively; e x and e z are unit vectors in the wall-parallel (x) and wall-normal (z) directions; and ∇ 2 83 is the 2D Laplacian operator. The system of equations is solved subject to the boundary conditions 84 T(x, 0, t) = 1, T(x, 1, t) = 0, w(x, 0, t) = 0, w(x, 1, t) = 0.
All fields are required to be L-periodic in x. For the 2D system, the fluid velocity can be described by 85 using a stream function ψ, so that (u, w) = (∂ z ψ, −∂ x ψ). Then equations (2) and (3) can be re-expressed 86 as 87
where θ(x, t) = T(x, t) − (1 − z), and θ and ψ satisfy L-periodic boundary conditions in x and 88 homogeneous Dirichlet boundary conditions in z. 89 Three dimensionless parameters control the dynamics of this system: the inclination angle 90 φ; the domain aspect ratio L; and the normalized temperature drop across the layer, namely, the 
where H is the layer thickness, K is the medium permeability, g is the gravitational acceleration, α is figure 1. In the next section, we demonstrate that this background shear flow dramatically impacts the 98 flow structure as φ is increased. As φ is increased, the natural roll becomes more vigorous (see the colorbar limits) and more tightly attached to the walls, while the antinatural roll is suppressed and becomes detached from the walls. with the correction terms
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where the superscript 'i' denotes the ith Newton iterate. Then, (8) is solved using a Krylov-subspace iteration once the L2-norm of the residual of (8) is less than 10 −4 , and finally stop the Newton iteration 177 when the L2-norm of (F ψ res , F θ res ) is less than 10 −8 . For each Ra, the results from smaller φ are utilized as 178 the initial conditions for simulations at larger φ. 179 As noted above, steady convective states in an inclined porous layer are stable at small Ra (e.g., 
Then, the evolution of the disturbancesψ andθ are governed by following linearized equations
According to Floquet theory, the solutions for the perturbations in (14) and (15) can be expressed as
where λ is the temporal growth rate, k s is the fundamental wavenumber of the spatially-periodic steady 
for each n, whereh n andg n can be determined by calculating the convolution of the Chebyshev collocation method and the resulting algebraic eigenvalue problem is solved using Arnoldi 202 iteration to obtain the leading eigenvalues and eigenfunctions.
203
Our results reveal that, at moderate Ra, the maximum convective growth rate σ m ≡ Re{λ m }/Ra ψ m denotes the extremum ψ value corresponding to the natural roll with max(ψ) (positive) and antinatural roll with min(ψ) (negative). As φ is increased, the natural-roll motion is intensified, while the antinatural-roll motion is suppressed. 1 and figure 8 ).] Moreover, the structure of the most 211 unstable eigenfunction in figure 9 and the results in figure 10 confirm that the antinatural rolls are more 212 unstable than are the natural rolls at moderate Rayleigh number, as also indicated by the DNS in § 3.1.
213
Actually, as φ is increased, the natural roll of the steady state strengthens and becomes more tightly 214 attached to the walls, and thereby is stabilized; on the contrary, the antinatural roll is suppressed and Figure 9 . The fastest-growing 2D temperature eigenfunctions at Ra = 500, L s = 2 and β = 0. For the horizontal case, reflection symmetry is satisfied and both of the natural and antinatural rolls are equally unstable. However, as φ is increased, the natural roll is stabilized and the instability of the antinatural roll is intensified. 
